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L-Leucine Alters Pancreatic P-Cell Differentiation and 
Function via the mTor Signaling Pathway 

Latif Rachdi, Virginie Aiello, Bertrand Duvlllie, and Raphael Scharfmann 



Leucine (Leu) is an essential branched-chain amino acid, which 
activates the mammalian target of rapamycin (mTOR) signaling 
pathway. The effect of Leu on cell differentiation during embryonic 
development is unknown. Here, we show that Leu supplementa- 
tion during pregnancy significantly increased fetal body weight, 
caused fetal hyperglycemia and hypoinsulinemia, and decreased 
the relative islet area. We also used rat embryonic pancreatic 
explant culture for elucidating the mechanism of Leu action on 
P-cell development. We found that in the presence of Leu, differ- 
entiation of pancreatic duodenal homeobox-l-positive progenitor 
cells into neurogeninS-positive endocrine progenitor cells was in- 
efficient and resulted in decreased (B-cell formation. Mechanisti- 
cally, Leu increases the intracellular levels of hypoxia-inducible 
factor 1-a, a repressor of endocrine fate in the pancreas, by acti- 
vating the mTOR complex 1 signaling pathway. Collectively, our 
findings indicate that Leu supplementation during pregnancy could 
potentially increase the risk of type 2 diabetes melUtus by inhibiting 
the differentiation of pancreatic endocrine progenitor cells during 
a susceptible period of fetal life. Diabetes 61:409-417, 2012 




Type 2 diabetes mellitus (T2DM) is a progressive 
disease in which glucose homeostasis is compro- 
mised as a result of impaired insulin secretion. 
Results from human and animal studies support 
the idea that the p-cell mass in T2DM cannot adapt insulin 
secretion in spite of increased insulin needs (1). Thus, un- 
derstanding the underlying mechanisms that regulate |3-cell 
mass could be used to develop new strategies to treat T2DM. 

T2DM is frequently associated with body weight gain 
and obesity and a high nutritional state, and it is now well 
established that nutrients regulate p-cell mass and func- 
tion (2). Nutrients not only provide energy but also func- 
tion as signaling molecules that directly influence feeding 
behavior, energy production, cell growth, and differentia- 
tion (3). For example, nutrients, such as folate and taurine, 
are now used as dietary supplements during gestation to 
protect the fetus from developing birth defects (4,5). 
Leucine (Leu), an essential branched-chain amino acid 
(BCAA), is a nutrient that increases the birth weight of 
newborns and prevents the development of a fetal growth 
defect in pregnancies where fetal growth is abnormal (6,7). 
In addition to being a crucial amino acid for protein syn- 
thesis, Leu is a potent activator of the mammalian target of 
rapamycin (mTOR), a Ser/Thr kinase, which is involved in 



From INSERM U845, Research Center Growth and Signaling, Paris Descartes 
University, Sorbonne Paris Cite, Necker Hospital, Paris, France. 

Corresponding authors: Latif Rachdi, latif.rachdi@inserm.fr, or Raphael 
Scharfmann, raphael.scharfmann@inserm.fr. 

Received 6 June 2011 and accepted 26 November 2011. 

DOI: 10.2337/dbl 1-0765 

This article contains Supplementary Data online at http://diabetes 
.diabetesjournals.org/lookup/suppl/doi:10.2337/dbll-0765/-/DCl. 

© 2012 by the American Diabetes Association. Readers may use this article as 
long as the work is properly cited, the use is educational and not for profit, 
and the work is not altered. See http://creativecommons.org/licenses/by 
-nc-nd/3.0/ for details. 

diabetes, diabetesj oumals. org 



many cellular processes that include protein synthesis, 
cell growth, and metabolism (8). In mature pancreatic 
P-cells, Leu has many functions, such as stimulating in- 
sulin release and regulating gene expression and protein 
synthesis (9). However, the function of Leu in pancreatic 
cell development has not been elucidated. 

The mature pancreas contains exocrine acinar cells that 
secrete digestive enzymes into the intestine and endocrine 
islets that synthesize hormones, such as insulin (P-cells), 
glucagon (a-cells), somatostatin (8-cells), and pancreatic 
polypeptide (PP cells). The pancreas originates from the 
dorsal and ventral regions of the foregut endoderm directly 
posterior to the stomach. Signals that originate from adja- 
cent mesodermal structures control pancreatic development 
and the formation of endocrine and exocrine tissue (10). 
Results from studies in genetically engineered mice have 
identified a hierarchy of transcription factors that regulate 
pancreatic specification, growth, and differentiation (11). 
First, the pancreas-committed endodermal region of the 
foregut expresses the homeodomain factor pancreatic 
duodenal homeobox-1 (PDX-1) (12). Next, the basic helix- 
loop-helix transcription factor, neurogeninS (NGN3), ini- 
tiates the endocrine differentiation program in epitiiehal 
pancreatic progenitor cells. Indeed, Ngn3-deficient mice fail 
to generate any pancreatic endocrine cells (13), and the 
results from lineage-tracing experiments have provided di- 
rect evidence that NGN3-expressing cells are islet progeni- 
tors (14). Subsequently, additional transcription factors then 
determine the specific endocrine cell fate (15). 

Here, we evaluated the effect of dietary Leu supplemen- 
tation on the regulation of (B-ceU mass during pancreatic 
development. We report that increasing Leu intake in pre- 
gnant rats resulted in hyperglycemic hypoinsulinemic fetuses 
with increased body weight without an adaptation in fetal 
|3-ceU mass. To elucidate the effect of Leu on p-cell mass 
regulation, we used an in vitro bioassay that mimics the 
major steps that occur during |3-cell development from 
fetal pancreatic progenitor cells (16). Our data demonstrate 
that Leu increased the expression of the hypoxia-inducible 
factor 1-a (HIF-la), a repressor of the development of 
NGN3-positive pancreatic endocrine progenitor cells (17), 
by activating the mTOR pathway, which, in turn, prevented 
P-cell development. 

Previous results demonstrate that mTOR has a crucial 
role in adult p-cell proliferation (18). The results of the 
current study delineate a new role for the mTOR signaling 
pathway in the control of p-cell differentiation during 
prenatal life. Our results also indicate that dietary Leu 
supplementation and other mTOR activators during a short 
sensitive period of fetal pancreatic development can in- 
crease the risk of developing T2DM in later life. 

RESEARCH DESIGN AND METHODS 

Pregnant Wistar rats were purchased from CERJ (Le Genest, France). The first 
day post coitum was taken as embryonic day 0.5 (E0.5). The pregnant rats were 
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killed by CO2 narcosis at predetermined days of gestation (E13.5, E16, or E20), 
according to the French Animal Care Committee's guidelines. Fetuses were 
dissected at E13.5 for the pancreatic bud culture assay. For the in vivo anal- 
yses that were done at E16 and E20, the pregnant rats on gestational day 13.5 
were divided into two groups. In one group, the drinking water was replaced 
with a 4% sucrose solution that contained 2% Leu. In the other group (control), 
the drinking water was replaced with a 4% sucrose solution. Two-week-old 
rats were injected with bromodeoxyuridine (100 mg/kg i.p.) 1 h before killing. 
Metabolic studies. Blood samples from live pregnant rats were collected from 
the tail vein, and blood samples from the E20 pups were collected from the 
umbilical cord vein. Whole glucose levels were measured using OneTouch 
Ultra2 blood glucose meter (LifeScan, Milpitas, CA). Plasma insulin levels were 
determined by ELISA kit (Ultrasensitive Mouse/rat Insulin ELISA; Mercodia AB, 
Uppsala, Sweden). Glucose tolerance tests were performed in 18-h fasted 
animals by injecting glucose (2 mg/g i.p.) as described previously (18). Insulin 
tolerance tests were done in 6-h fasted rats followed by glucose measurements 
after intraperitoneal insulin injection using 0.75 units/kg as described pre- 
viously (19). 

Dorsal pancreatic bud culture. Dorsal pancreatic buds from control E13.5 
rat embryos were dissected using a previously described protocol (20). The buds 
were then laid on 0.45-|jLm filters (Millipore, Billerica, MA) at the air-medium 
interface in petri dishes that contained RPMI-1640 medium (Invitrogen, 
Carlsbad, CA) supplemented with penicillin (100 units/mL), streptomycin (100 
|jLg/mL), HEPES (10 mmol/L), L-glutamine (2 mmol/L), nonessential amino 
acids (IX; Invitrogen), and 10% heat-inactivated FCS (16). The pancreatic 
buds were incubated for 1, 3, 5, or 7 days at 37°C in a humidified 95% air-5% 
CO2 gas mixture. The medium was changed every 2nd day. In some experi- 
ments. Leu, Val, Ala (Sigma-Aldrich, Saint Louis, MO), or rapamycin (Santa 
Cruz Biotechnology, Santa Cruz, CA) were added to the culture medium. 
Immunohistochemistry and quantification. Immunohistochemistry and 
quantification was performed as previously described (18,21). Antibodies and 
dilution are listed in the Supplementary Data. 

For cultured fetal pancreata, all images of the 40-60 sections of each 
pancreas were digitized using cooled three-charge coupled device cameras 
(C7780; Hamamatsu Photonics, Hamamatsu, Japan) attached to a fluorescence 
microscope (Leitz DMRB; Leica, Weitzlar, Germany). For every image, the 
areas of each immunostaining were quantified using National Institutes of 
Health (NIH) Image J software (vl.31, which is freely available at http://rsb. 
info.nih.gov/ij/index.html) and then summed to obtain the total area per ex- 
plant in millimeters squared as previously described (22). 

For E20 and 4-week-old pancreata, quantification of insulin staining was 
performed on five equally separated sections. In each section, the p-cell area 
and the pancreatic area were determined using NIH Image J software. The 
percent area of |3-cells in each pancreatic section was determined by dividing 
the area of all insulin-positive cells by the total surface area of the section. The 
(3-cell mass was calculated by multipljdng the pancreas weight by the percent 
area of the (3-cells (18). 

RNA extraction and real-time PGR. Total RNA was extracted from pools of 
three fetal pancreata using an RNeasy Micro kit (Qiagen, Courtaboeuf, France) 
and then reverse transcribed using Superscript reagents (Invitrogen). Real-time 
PCR was performed with the 7300 Fast real-time PCR system (Applied Bio- 
systems, Courtaboeuf, France) using a previously described protocol (22). The 
oligonucleotide sequences are available upon request. Cyclophilin A was used 
as the internal reference control. 

Western blotting. Protein lysates from pooled fetal pancreata were sub- 
jected to immunoblotting as described (17,18). Antibodies used included 
HIF-la (Novus Biologicals, Littleton, CO); phospho-rpS6 (Ser240/244), rp-S6, 
4E-BP1, and phospho-Akt (Ser473) (all from Cell Signaling, Beverly, MA); and 
actin (Sigma) at dilutions that were recommended by the manufacturer. 
Immunoblotting experiments were performed at least three times. Quanti- 
fication of the Western blots by densitometry was done using NIH Image J 
software and normalized against that of actin. 

Statistical analysis. Quantitative data are presented as the mean ± SEM from 
at least three independent experiments, unless otherwise indicated. Inter- 
actions among the variables were investigated by two-way ANOVA, and an 
impaired Student t test was used to compare the independent means. Statis- 
tical significance was set at 5%. 

RESULTS 

In utero Leu supplementation induces a p-cell mass 
defect. Leu was added to the drinking water of the preg- 
nant dams on E13. At gestational day 20, the body weights 
and blood glucose levels of and the number of pups/litter 
in the Leu-supplemented pregnant females were not dif- 
ferent than those of the females who did not receive Leu 



supplementation (data not shown). On the other hand, Leu 
supplementation increased fetal body weight (5.9 ± 0.08 
vs. 4.8 ± 0.12 g; P < 0.005) (Fig. lA) and fetal pancreatic 
weight (408.7 ± 17.62 vs. 317.3 ± 24.53 mg; P < 0.05) (Fig. 
IE). Leu supplementation had no effect on the fetal (B-cell 
mass in absolute terms but resulted in a reduction in the 
relative fetal p-cell mass, as measured by the decreased 
|3-cell area-to-pancreatic area and |3-cell mass-to-fetal 
body weight ratios (Fig. IC and D). This relative defect in 
the p-cell mass in pups of the Leu-supplemented dams was 
associated with an increase in fetal whole blood glucose 
levels (213 ± 6.4 vs. 114.3 ± 9.4 mg/dL; P < 0.005) (Fig. 
IE) and a decrease in fetal plasma insulin levels (2.90 ± 
0.05 vs. 4.12 ± 0.11 ng/mL; P < 0.005) (Fig. IF). 

We next asked whether pups of Leu-fed experiments 
have the ability to compensate for the low p-cell mass at 
birth. We first assessed p-cell proliferation in 2-week-old 
rats under Leu treatment during prenatal life. The pro- 
liferative rate measured by bromodeoxyuridine incorporation 
was unchanged compared with 2-week-old control rats 
(Supplementary Fig. L4). After aged 4 weeks, body weight 
and glycemia measured after an overnight fast were similar 
in rats under Leu treatment during prenatal life compared 
with controls (Supplementary Fig. 15; some data not 
shown). However, these rats showed impaired glucose 
tolerance compared with controls, while insulin resis- 
tance was not observed (Supplementary Fig. IC and D). 
Finally, in 4-week-old rats under Leu treatment during 




FIG. 1. In utero Leu supplementation induces P-cell mass defect. A and 
B'. Body and pancreatic weights of E20 fetuses from Leu-supplemented 
pregnant dams and pregnant dams that were not supplemented with 
Leu. C: Immunohistochemical quantification of the insulin-stained area 
shows that the fetal p-cell mass-to-fetal pancreatic area ratio at E20 
was reduced in fetuses from Leu-supplemented pregnant dams when 
compared with that in E20 fetuses from pregnant dams that were not 
supplemented with Leu. Di The p-cell mass-to-body weight ratio is E20 
fetuses is significantly lower than that of E20 fetuses from dams that 
were not supplemented with Leu. E and Fi Leu supplementation to 
pregnant dams increased whole blood glucose levels and reduced 
plasma insulin levels in the E20 fetuses. Data are mean ± SEM from at 
least 10 fetuses per condition. *P < 0.05, ***P < 0.005. 
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prenatal life, p-cell mass remained lower compared with 
4-week-old control rats (Supplementary Fig. IE). 

Since Leu supplementation of the pregnant dams resulted 
in a p-cell mass defect in the pups, we decided to investi- 
gate the mechanism of Leu action on (B-cell development. 
In vitro Leu treatment impairs P-cell development. To 
determine the role of Leu in pancreatic development, we 
cultured E13.5 pancreata for 7 days under conditions that 
allowed endocrine and acinar cell development (16). Leu 
treatment (10 mmol/L) did not modify pancreatic shape 
and growth (Fig. 2A and C for quantification), or acinar 
cell development, as measured by amylase immunostain- 
ing (Fig. 2B and C for quantification). On the other hand. 
Leu treatment sharply decreased the p-cell number, as 
measured by insulin immunostaining (Fig. 2B and C for 



quantification). Since Leu is a potent insulin secretagogue, 
the expressions of four other (B-cell markers were de- 
termined by immunohistochemistry to rule out the possi- 
bility that the decreased insulin immunostaining after Leu 
treatment was due to its potency as an insulin secreta- 
gogue. The expressions of prohormone convertase 1/3 
(Supplementary Fig. 2A), PDX-1 (Supplementary Fig. 2B), 
the transcription factor MafA, and the zinc transporter 
Slc30a8 (Supplementary Fig. 2(7) were all reduced. Fi- 
nally, the effects of L-Leu on (B-cell development were not 
mimicked by D-Leu (data not shown). Such data indicate 
that L-Leu treatment represses p-cell development. 
Leu treatment impairs endocrine progenitor cell 
development. To determine how Leu treatment impairs 
p-cell development, we cultured E13.5 pancreata with or 
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FIG. 2. Leu treatment impairs p-cell differentiation. A: Leu did not modify the global growth of E13.5 rat pancreata that were cultured at the air 
medium/interface for varying durations (day [D]l to D7). B: Immunohistochemical analyses of E13.5 pancreata after 7 days in culture, with and 
without Leu treatment. Acinar cell and p-cell development were evaluated using an antibody against amylase (green) and an antibody against 
insulin (red), respectively. Nuclei were stained with Hoechst 33342 fluorescent stain (blue). Scale bar = 50 juim. C: Absolute areas that were 
occupied by the nuclei and the amylase- and insulin-positive cells were quantifled using NIH Image J software. Data are mean ± SEM from at least 
three pancreata per condition. NS, not signiflcant; **P < 0.01. (A high-quality digital representation of this flgure is available in the online issue.) 
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FIG. 3. Leu treatment impairs p-cell differentiation mainly by causing a loss of NGN3 expression. A: Real-time PGR quantification of NgnS, insulin, 
and amylase mRNA in cultured E13.5 pancreatic explants that were treated with Leu (black bars) or not treated with Leu (white bars) after 0, 1, 3, 5, 
and 7 days. B and C: Immunodetection and quantification of NGN3-positive cells from pancreata that were cultured for 3 days with or without Leu. 
Scale bar = 100 juim. Data are mean ± SEM of at least three independent experiments. NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.005. (A high- 
quality digital representation of this figure is available in the online issue.) 



without 10 mmol/L Leu for 1, 3, 5, and 7 days. Leu treat- 
ment did not modify amylase mRNA levels but decreased 
insulin mRNA levels (Fig. 3A). We next determined the 
expression levels of Ngn3 mRNA, a specific pancreatic 
endocrine progenitor marker (13), in cultured E13.5 pan- 
creata. In E13.5 rat pancreatic explants, as previously 
shown, in absence of added Leu, Ngn3 mRNA levels in- 
creased after 1 day of culture, peaked on day 3, and then 
decreased (16). When Leu was added, we observed a dra- 
matic decrease in Ngn3 mRNA levels (Fig. 3A). This de- 
crease in Ngn3 mRNA levels was paralleled by a decrease 
in the number of A^jgn^-expressing cells (4728 ± 408 vs. 
959 ± 28; P < 0.01) (Fig. 3B and C). Finally, Leu also 
caused a dose-dependent repressive effect on the mRNA 
levels of the three genes, namely Ngn3, its target Insml 
(23), and insulin (Supplementary Fig. 3). Collectively, these 
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results indicate that Leu treatment decreased both the 
number of endocrine progenitor cells that express NGN3 
and the number of p-cells. 

To confirm our in vitro finding that Leu decreases the 
number of NGN3-positive endocrine progenitors, we then 
determined NGN3 expression in pancreatic cells of E16 
fetuses firom the pregnant dams that drank Leu-supplemented 
water for 3 days, starting on E13.5. At E16, Leu supplemen- 
tation reduced the number of NGN3-positive cells (Fig. 4A 
and E), the number of (B-ceUs (Supplementary Fig. 4A and E), 
and mRNA expression levels of Ngri3 and its target gene, 
Insml (Fig. 4(7). Leu supplementation had no effect on am- 
ylase mRNA levels in E16 pancreata (Fig. 4(7). 
Leu decreases the number of Ngn3-positive endocrine 
progenitor cells via mTOR complex 1. In many tissues. 
Leu activates the mTOR signaling pathway (24,25). This 
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FIG. 4. In utero supplementation with Leu inhibits endocrine cell differentiation by downregulation of NgnS expression. A and Bi Immunode- 
tection and quantification of NGN3-positive cells (brown) in pancreatic sections that were prepared from E16 fetuses from Leu-supplemented 
pregnant dams and E16 fetuses from pregnant dams that were not supplemented with Leu. Scale bar = 12.5 [km. C: Real-time PGR quantification of 
NgnS, Insml, and amylase mRNA in fetal pancreata of E16 pups from Leu-supplemented pregnant dams and E16 pups from pregnant dams that 
were not supplemented with Leu. Data are mean ± SEM of at least three independent experiments. NS, not significant; **P < 0.01. (A high-quality 
digital representation of this figure is available in the online issue.) 



activation also occurs in the fetal pancreas where Leu 
treatment enhanced phosphorylation of the p70 S6 kinase 
substrate, 40S ribosomal protein S6 kinase (rpS6), and 
4E-BP1 (Fig. 5A and Supplementary Fig. 5 for quantification). 
We next used rapamycin, a specific inhibitor of mTOR 
complex 1 (mTORCl) to interfere with this process. At 10 
nmol/L, rapamycin treatment blocked rpS6 phosphorylation 
in E13.5 rat fetal pancreata without affecting Akt phos- 
phorylation on Ser473 (Fig. 55). At a higher concentration 
(100 nmol/L), and as previously described (26), rapamycin 
was less specific: it repressed both rpS6 and Akt phos- 
phorylation (Fig. 3B) and decreased global pancreatic cell 
growth (data not shown). Thus, 10 nmol/L concentration of 
rapamycin was used in subsequent experiments. It is im- 
portant that rapamycin (10 nmol/L) inhibited Leu-induced 
rpS6 phosphorylation in cultured E13.5 rat pancreatic buds 
(Fig. 5C). 

We then asked whether rapamycin treatment could re- 
verse the effects of Leu on pancreatic (B-cell development 
in cultured E13.5 rat pancreatic buds. Rapamycin (10 
nmol/L) alone did not modify pancreatic growth or p-cell 
and acinar cell differentiation (Fig. 5D and E). Leu caused 
a dramatic decrease in insulin expression (Fig. 5F) and 
p-cell development (Fig. 5D and E), whereas rapamycin 
reversed Leu-induced repression of (B-cell development in 
the fetal pancreas (Fig. bD-F). Although rapamycin alone 
did not modify NgnS expression, which was used as a 
marker of the endocrine progenitor cells, rapamycin did 
reverse the repressive effects of Leu on NgnS expression. 
(Fig. 5G). These results suggest that Leu activates an mTOR- 
dependant signaling pathway to repress the development of 
A^ign^-expressing pancreatic endocrine progenitor cells and 
inhibit p-cell development. 

Other BCAAs, such as Val, also have been shown to 
activate the mTOR signaling pathway in different cell types 
(8,27). Supplementary Fig. 6A-C shows the effect of Val on 
cultured E13.5 rat pancreata. Val mimicked the effects of 
Leu. In fact, Val treatment (10 mmol/L) for 24 h induced 
rpS6 phosphorylation (Supplementary Fig. 6A). Val also 
decreased both NgnS and insulin mRNA levels in the cul- 
tured E13.5 rat pancreata after 3 and 7 days of exposure to 
Val (Supplementary Fig. 6B and C), while Ala, one of the 



simplest amino acids, did not affect mTOR signaling and 
P-cell differentiation (Supplementary Fig. 6D-F). These 
findings indicate that BCAAs suppress Ngn3 expression 
and p-cell development. 

Leu induces HIF-la, an inhibitor of P-cell differentiation. 

We next determined how Leu, via the mTORCl path- 
way, repressed Ngn3 expression. We previously demon- 
strated that HIF-la is a repressor of Ngn3 expression (17). 
Western blot analysis of the protein lysates from pooled 
E13.5 fetal pancreata indicate that Leu treatment for 1 or 7 
days increases HIF-la expression and mTOR signaling (Fig. 
6A). It is interesting that this induction of HIF-la expression 
was partly reduced by 10 nmol/L rapamycin, which inhibited 
the phosphorylation of rpS6 (Fig. 6B and C). We then 
measured the effect of Leu on the expression of the HIF-la 
targets. Leu increased the expression of Glutl and Reddl 
(Fig. 6Z)), Vegf, Ldha, and Pgkl mRNA (Supplementary 
Fig. 7). Rapamycin alone did not modify Glutl and Reddl 
mRNA levels, whereas it reversed the inductive effect of 
Leu on HIF-la targets (Fig. 6B). 

Collectively, our data indicate that Leu increases in- 
tracellular HIF-la levels and activates the HIF-la signaling 
pathway, and these two effects are mediated by the mTOR 
signaling pathway. This process results in NgnS repression 
and, consequently, decreases (B-cell differentiation. 



DISCUSSION 

In this study, we provide both in vivo and in vitro evidence 
that Leu impairs |3-cell development without compensa- 
tory process after birth. We also demonstrate that Leu 
represses (B-cell development in the developing pancreas 
by activating the mTOR signaling pathway and increasing 
HIF-la levels, a repressor of pancreatic endocrine pro- 
genitor cells (17). 

In mature pancreatic p-ceUs, Leu has many functions. Leu 
can stimulate insulin release (28). Long-term Leu treatment 
of islets from T2DM patients improves the insulin secre- 
tory function of pancreatic (B-cells (29), and Leu adminis- 
tration improves glycemic control in humans and rodents 
with T2DM (30,31). In pancreatic (B-cells, Leu regulates 
gene transcription and protein synthesis (27,29). Leu also 
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FIG. 5. Leu represses endocrine progenitor cell development via mTORCl. A: Inununoblot for phospho (P)-rpS6 and 4E-BP1 expression in protein 
lysates from E13.5 pancreatic buds that were treated with Leu for 24 h. B: Immunoblot for P-rpS6, rpS6, and P-S473-Akt expression in protein lysates 
from E13.5 pancreatic buds that were treated with different concentrations of rapamycin (Rapa) for 24 h. C: Immunoblot for P-rpS6 expression in 
protein lysates from E13.5 pancreatic buds that were cultured with Leu in the presence or absence of rapamycin (10 mol/L) for 24 h. D: Immunohis- 
tological analyses of E13.5 fetal pancreata that were cultured for 7 days with and without Leu or rapamycin. Acinar cell and p-ceU development were 
evaluated using an antibody against amylase (green) and an antibody against insulin (red), respectively. Nuclei were stained with Hoechst 33342 
fluorescent stain (blue). Scale bar = 50 juim. E: Absolute areas that were occupied by nuclei and amylase- and insulin-positive cells were quantified using 
NIH Image J software. F and G: Real-time PGR quantification of insulin smdNgnS mRNA in pancreata after 0, 1, 3, 5, and 7 days in culture without Leu 
(white bars), with rapamycin (gray bars), with Leu (black bars), and with both rapamycin and Leu (dashed bars). Data are mean ± SEM of at least three 
independent experiments. NS, not significant; *P < 0.05, **P < 0.01. (A high-quality digital representation of this figure is available in the online issue.) 



regulates |3-cell proliferation, and this effect is mediated by 
the mTOR signaling pathway (32). Specifically, adult mice 
with a p-cell-specific deletion of the tuberin/TSC2 protein, 
the main inhibitor of mTOR activity, have increased p-cell 



proliferation and are hyperinsulinemic and hypoglycemic 
(18). Rapamycin, an mTORCl inhibitor, has been reported 
as being a repressor of mature |3-cell proliferation (33). 
Thus, the role of Leu and the mTOR signaling pathway in 
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mature |3-cell proliferation is now well established. Al- 
though it is known that the mTOR signaling pathway reg- 
ulates the differentiation of many cell types, such as 
adipocytes or hematopoietic stem cells (34,35), its role in 
regulating pancreatic cell differentiation still remains un- 
defined. 

Our first set of data indicated that Leu supplementation 
of pregnant dams caused an increase in fetal body weight 
and fetal hyperglycemia without an adaptive response in 
fetal p-cell mass. To understand the mechanism of Leu ac- 
tion on fetal pancreatic development, we investigated the 
actions of Leu in an E13.5 pancreatic explant assay, which 
we have previously used for defining the different factors 
and conditions that regulate (B-cell development from PDX- 
1-positive pancreatic progenitors (16,17,22). Using this as- 
say, we demonstrated that Leu, a known activator of the 
mTOR signaling pathway (24,25), does not modify pancre- 
atic shape and growth or acinar cell development. On the 
other hand, we demonstrated that Leu regulates a highly 
specific step in (B-cell development, namely, the formation 
of NGN3-positive endocrine progenitor cells from PDX-1- 
positive pancreatic progenitor cells. This is a crucial step in 
endocrine cell development in the pancreas because NGN3- 
deficient mice lack pancreatic endocrine cells (13). The 
signals that control the development of NGN3-positive en- 
docrine progenitor cells from PDX-l-positive pancreatic 
progenitor cells are poorly defined. Specifically, the signals 
and conditions that underlie the differentiation of embry- 
onic stem cells into PDX-l-positive pancreatic progenitor 
cells are now well established (36,37). On the other hand, 

diabetes.diabetesjoumals.org 



much remains to be discovered regarding the signals that 
regulate the next steps in the development of the endocrine 
pathway (i.e., differentiation of PDX-l-positive pancreatic 
progenitor cells into endocrine progenitor cells and mature 
endocrine cells) (38). Here, we report that Leu is an in- 
hibitor of p-cell differentiation by repressing Ngn3 induction 
in pancreatic progenitor cells, and this action is mediated by 
the mTOR signaling pathway. 

mTOR protein exists in two functionally distinct com- 
plexes: mTORCl and mT0RC2 (39,40). mTORCl is sensi- 
tive to rapamycin. This complex contains raptor, the 
regulatory-associated protein of mTOR, which interacts 
with mTOR, as well as modulates the phosphorylation of 
rpS6 and 4E-BP1, both of which are key regulators of pro- 
tein translation (39). In contrast, the rapamycin-insensitive 
mT0RC2 contains rictor, which is involved in Akt phos- 
phorylation at Ser473 (40,41). 

Our data demonstrate that Leu triggers the phosphory- 
lation of both rpS6 and 4E-BP1 in the pancreas and that 
this action is blocked by rapamycin at a concentration (10 
nmol/L) that does not affect Akt phosphorylation. We 
found that Leu can infiuence the fate of endocrine pro- 
genitor cells by inhibiting the formation of NGN3-positive 
endocrine progenitor cells from PDX-l-positive pancreatic 
progenitor cells. Since this inhibition can be prevented by 
10 nmol/L rapamycin, it is reasonable to assume that the 
activity of mTORCl and the actions of Leu are closely 
linked. Of interest, rapamycin at a concentration that se- 
lectively inhibits activity of mTORCl did not modify pan- 
creatic development, and this result suggests that basal 
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mTORCl activity is not required for |3-cell differentiation 
from pancreatic progenitor cells. This lack of need for 
mTORCl in cell development has also been described for 
other cell types, such as hematopoietic stem cells (42). In 
these cells, activation of mTORCl leads to loss of stem cell 
quiescence and stem cell exhaustion, and rapamycin 
inhibits mTORCl signaling without affecting cell count or 
differentiation (42). Rapamycin-insensitive mT0RC2 is 
reported to be sensitive to rapamycin at the 100 nmol/L 
concentration (26). Since we found that the 100 nmol/L 
concentration of rapamycin decreased global pancreatic 
cell growth and inhibited Akt phosphorylation on Ser473, 
this result supports the notion that mT0RC2 regulates 
pancreatic growth by activating Akt signaling (43). 

Recent studies establish an essential role of the Rag 
(Ras-related GTPase) family of GTPase in the regulation of 
mTORCl activity by BCAAs (44), suggesting that Rag GTPa- 
ses could be involved in the effects of BCAAs on pancreatic 
development observed here. To the best of our knowledge, 
information is not available concerning the role of Rag 
GTPases during pancreatic development. It wiU now be in- 
teresting to define whether Rag GTPases are implicated in the 
effects of BCAAs on pancreatic endocrine cell development. 

We also demonstrate that Leu prevents Ngn3 induction by 
increasing intracellular HIF-la levels after activation of the 
mTOR signaling pathway. HIF-la is a transcription factor 
that regulates many hypoxic responses in ceUs and tissues. 
HIF-la is rapidly degraded by the ubiquitin-proteasome 
system under normoxic conditions and is stabilized by 
hypoxia (45). It was recently reported that HIF-la levels 
are regulated by the mTORCl pathway under normoxic 
conditions (46). Specifically, HIF-la levels are increased 
when the mTORCl signaling pathway is activated and re- 
duced when this pathway is inhibited by rapamycin (46). 
We previously reported that HIF-la represses p-cell differ- 
entiation by inhibiting Ngn3 expression during pancreatic 
development under hypoxic conditions (17). Thus, our 
results show that Leu can be added to the list of signals that 
repress pancreatic |3-ceU development by increasing HIF-la 
levels after activation of the mTOR signaling pathway. 

The results of epidemiological studies in humans in- 
dicate the existence of a strong association between ma- 
ternal nutrition (either under- or ovemutrition) and the 
risk of developing chronic diseases, such as T2DM, in the 
offspring (47). The importance of the relationship between 
pancreatic (B-cell development and nutritional status is 
highlighted in reports, which have shown that undernu- 
trition of fetal rodents results in a decreased p-cell mass 
when they become adults (48). Thus, pancreatic p-cell 
development is highly sensitive to nutritional status. Our 
findings demonstrate that maternal supplementation dur- 
ing pregnancy with a BCAA, such as Leu, impairs p-cell 
development in the fetal pancreas by repressing a highly 
specific step during p-cell differentiation. This new infor- 
mation is important because the results of recent studies 
indicate that an early defect in p-cell development is not 
subject to growth compensation and, thus, can lead to the 
development of T2DM in adults (49). 

Finally, nutrient supplementation during pregnancy is an 
appealing strategy for conferring short- and long-term 
benefits to the offspring (50). Our findings that BCAA 
supplementation during pregnancy activates the mTOR 
signaling pathway and impairs p-cell differentiation in the 
developing pancreas suggest that a careful evaluation 
of the potential for adverse consequences of dietary 
supplementation during pregnancy is now needed. 
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